Despite many years of using friction stir processing (FSP), there are many unexplained aspects concerning the processes which appear during FSP: determining the direction of flow and mixing of the materials and the degree of mixing and microstructure fragmentation in specific areas. This paper presents the impact of FSP on the micro-and macrostructure of the composite with hypo-eutectic Si matrix reinforced by SiC particles. The analysis of the structure of the processed area in FSP in the relation to the microstructure of the base material has been made using x-ray microtomography. The results of these studies have been juxtaposed with studies using microscopic methods (light microscopy and SEM). The microtomography images revealed an additional separation on the advancing side and the weld nugget, where on the basis of a 3D reconstruction a layer microstructure on the direction of linear movement of the tool has been demonstrated. The analyses have revealed a limited flow of the material above the weld nugget. The main advantages of the research method applied were the possibility to show the invisible or barely visible elements of the microstructure using standard test methods and the ability to analyze the microstructure changes uninterruptedly in different directions in the volume of the material.
Introduction
Friction stir welding (FSW) was invented at The Welding Institute of UK in 1991 by Wayne Thomas (Ref 1) as a solidstate join technique, and it was initially applied to aluminum alloys. At present, this technology can be used to combine materials of different chemical composition, properties, and microstructure: such as Al-Cu, Al-steel and 2000 series aluminum alloy with 7000 series (Ref 2) .The main difference between traditional welding and FSW is a much lower processing temperature and mixing of the welded materials which can enable attainment of lasting and good quality welds. Therefore, one can avoid problems connected with: the solidification process (Ref 3), the structure, the loss of alloying elements, the presence of segregation, porosities, and the dendritic structure. A major importance in the FSW process plays a tool which consists of two parts: a shoulder tool and a pin tool (Ref 2) . The tool driven into rotation is inserted into the welded material until the shoulder tool makes contact with the welded material and the pin tool penetrates the material (Fig. 1) . The production strain causes an increase in temperature of the material to the temperature of its plasticity, resulting in a material which easily flows plastically. The tool moving on the line of welding causes, through the pin tool, the mixing of the plasticized material of the welded parts and creates the weld.
FSW has been adapted to process the local quantity of the material by plastic deformation and thus induces beneficial changes in the properties of this area-the process is called friction stir processing (FSP) (Ref 4) . Due to the movement and the work performed by the FSW tool, the welds structure known as the single weld (one kind of material subjected to welding) and the structure of the areas created as a result of being processed by the FSW tool (FSP process), are almost identical. In the case of welding or processing of aluminum and its alloys, the material close to the tool is heated to a temperature up to about 500-530°C while in remote areas but still within the work scope up to about 400-450°C (Ref [5] [6] [7] which can lead to changes in mechanical properties of the welded materials. However, one of the main advantages of this method is plastic deformation which initiates a series of processes that cause favorable changes in the microstructure, e.g., fragmentation and homogenization. Thus, the application of FSP can be very important in the process of improving the microstructure of metal matrix composites of various types where there is often a problem with the uniform distribution of the strengthening-phase particles, known as the reinforcing phase and an appropriate state of precipitates reinforcing the matrix (Ref 3, 8) . The dynamic plastic deformation under conditions of severe stress can change the particle size distribution of the reinforced phase and can cause fragmentation by mechanical fragmentation (breaking). The composites of this type are obtained by different methods. The most widely used is in situ and ex situ methods . One of them is the method of introducing the reinforcing phase into the liquid material and then casting to form (Ref 11, 12) . When applying the so-called ''gravity casting'' method at normal pressure and when the crystallization process is close to equilibrium, segregation of the chemical composition in multi-component alloys appears. In this case, the processing of such material by the FSP method will also apply to the matrix material, causing at least the homogenization of local areas and fragmentation of the grain in the plastically deformed area of the material.
The x-ray microtomography (XMT) was used in microstructure research, as a non-destructive testing method of the internal structure of the object based on the reconstruction of twodimensional x-ray projections recorded at different angles, the result of which was obtaining a three-dimensional image (after reconstruction) (Ref 13) . The general principle of the application of x-rays to study the structure has been known since the late nineteenth century (Ref 14) but it was only in the era of advanced machines and computing systems based on advanced computer algorithms when effective and relatively quick processing and analyzing of large amounts of data, including x-ray images became possible. In consequence, progress in this area has led to the creation of a 3D object, with very high resolution (Ref 15, 16 (Ref 23) . Another field of application of the method in material testing is the analysis of different types of joints, seams or welds, in which, due to the specificity of the joining process or features of the joined materials, areas recognizable by XMT may be formed. Not all characteristics of the microstructure mentioned above can be identified by microtomography; nevertheless, a number of information obtained using this method is useful in assessing the characteristics of macro-and microstructure.
This paper presents the impact of FSP on the microstructure of the material after passing the tool through the material. The analysis refers to the microstructure of aluminum alloy matrix composite, reinforced by SiC phase. The composite obtained by casting shows chemical composition segregation and inequality in the distribution of SiC particles. The research presented below shows the characteristics of the material in specific areas and enables to assess the suitability of XMT to this type of research.
Experimental
The material used in the experiment was a composite marked by the manufacturer as F3K.S10 on a base of aluminum alloy matrix reinforced by SiC particles. The chemical composition of this material was as follows: 9.5% Si, 0.3% Fe, 2.8% Cu, 0.8% Mg, 1%Ni, 0.2% Ti, 0.003% others, balance Al, in wt.%. An average size of the reinforced particle is 15 lm according to the manufacturer of the alloy.
The material was subjected to FSP process with the following parameters: the rotation rate of 900 rpm and the linear velocity of the tool of 355 mm/min. The welding process was performed with the use of a conventional tool: a threaded pin with a diameter of 8, 3.8 mm length and a shoulder with a diameter of 18 mm. The FSP was performed at the Institute of Welding in Gliwice, Poland.
The microstructure investigations were conducted with the use of an optical microscope OLYMPUS GX51 with optical instrumentation, software and scanning electron microscope Jeol JSM6610LV with detectors: an upper detector (SEI), backscattering electron detector (BEI) and OxfordÕs energy dispersive spectrometer (EDS) microprobe and Aztec Software. Microscopic observations were performed on cross-section (perpendicular to the surface of the weld). To create the panorama of the macrostructure of the sample, Microsoft image composite editor (ICE) was used which enabled to constitute a composition of several images of light microscopy. The XMT studies have been performed by laboratory XMT scanner (v|tome|x s, GE Sensing &Inspection Technologies, Phoenix x-ray, Wunstorf, Germany) using 120 kV voltage, 110 lA current, 250 ms detector timing, and 0.1 mm Cu filter. The dataset reconstructed by filtered back projection [Feldkamp method (Ref 24) ] consists of 411 9 380 9 1010 isotropic voxel size equal to 16.943 lm stored on a single raw file in 8-bits range of gray values (0-255) and was processed by Mimics.
Results and Discussion
The microstructure analysis began with microscopic research (light microscopy). Figure 1 shows the macrostructure of a cross-section and provides schematic of the FSP process. The cross-section depicts an area subjected to the process of FSP (central portion), the heat-affected zone (on both sides of the FSP area) and the base material. The macrostructure consists of 21 microscopic images which were taken with the use of a light microscope and made into a panoramic macrostructure by Microsoft ICE. The analysis of the macrostructure of the image obtained shows typical elements for FSW joints, such as the lack of symmetry-a sharp boundary of the area covered by the FSP process on the advancing side and a gently changing microstructure on the retreating side (Ref 25, 26) . In the central part, a weld nugget is clearly visible. The location of the advancing and retreating sides, and the nugget in relation to the tool movement is shown in Fig. 1 .
In Fig. 1 The differentiated microstructure shows oriented movement of the material during the FSP process with varying degrees of deformation in different areas. In particular, it shows the fragmentation of the microstructure in the weld nugget and in the strip on the advancing side. Dynamic plastic deformation under conditions of high stresses caused mechanical fragmentation of the particles of the reinforcing phase and the eutectic Si. In this case, the plastic processing of such a composite using the FSP method will also refer to the matrix material (Al-alloy), causing its local homogenization and grain refinement in the area of plastic deformation. However, the heat-affected zone and the base material show a structure typical for cast materials (coarse-grained, dendritic structure).
Due to mechanical properties of the composite material, both the state of the matrix, as well as the particle size and distribution of the reinforcing phase (SiC) are of crucial importance. An example of the base material microstructure is shown in Fig. 2 , where: 1-SiC, 2-eutectic Si, 3-phase of the chemical composition of Al-Fe-Mn-Si. The precipitation involving Al-Fe-Mn-Si is a result of the presence of iron in the alloy, which is present as an additive alloyed (pollution). Most often these precipitates are AL 15 (FeMn) 3 Si phase (Ref 27) , which are present in commercial aluminum foundry alloys. The above-mentioned phase will be fragmented similarly to the eutectic Si phase.
As shown in Fig. 2 , the distribution of particles in the base material is heterogeneous due to the kinetics of the formation of the microstructure in the crystallization process (the material in the cast state). The use of plastic processing, accompanied by multi-directional deformation of the material will radically alter the microstructure, as well as the size and distribution of particles. It is one of the essential features of the microstructure which completes the description of the material structure.
The chemical analysis of the particles was performed with the use of SEM microscopy and microanalysis by EDS method. Based on SEM observations it was also possible to determine the uneven distribution of these particles. Figure 3a shows the appearance of microstructure of the base material area using BEI detector in BEC mode. This type of observation allows to illustrate areas of different density materials. This method facilitates to differentiate between higher density particles, being displayed as white on a gray background matrix (in this case a phase with Fe). The distribution of particles observed results from the formation of the matrix when it is a liquid but below the liquidus temperature. A further analysis of the particle size distribution was made on the basis of chemical composition, SEM-EDS maps (Fig. 3b) , based on which it was also possible to establish the location of other phases in the alloy and segregation of elements in the matrix.
The analysis of SEM-EDS maps (Fig. 3b) showed an uneven distribution of Cu, Ni and Mg elements, which are present in the same areas. In particular, the presence of Cu and Ni will affect the density increase of the material compared with the aluminum matrix. However, the matrix is not just pure aluminum, but it also contains elements remaining in the solution (Cu, Mn, Si) and/or forming precipitates which reinforce the matrix e.g., GP zone or metastable intermediate separation and Al 2 Cu precipitates of small, micrometer size (Ref 25, 28) . The presence of the dissolved elements in the aluminum matrix does not change significantly its density, in relation to the micrometer precipitates above-mentioned. The observations and analyzes made on a single cross-section will enable a better understanding of XMT images relating to the volume of material and/or selected section/profile. These are shown in Fig. 4-6 . An example of a two-dimensional projection is shown in Fig. 4 which is part of a complete collection of XMT cross-sectional image dataset.
In Fig. 4 XMT image of a cross-section is shown. In the heat-affected zone and parent material a structure which may remind ''cellular structure'' can be noticed. The lighter areas show the highest density. The visible ''cellular structure'' is undoubtedly related to the formation of the microstructure from the liquid state, i.e., the crystallization process. During this process, there was a segregation of components. Precise analysis of the kinetics of this process is difficult because it is a multi-component alloy, and some of areas of a temperature well below the melting point of Al-Si eutectic can be formed. It is especially possible due to the presence of Cu within the alloy; for example, the eutectic temperature of eutectic Al 2 Cu with a-Al is about 507°C (Ref 29) . Therefore, it is difficult to assess whether the XMT image shows the cellular structure relates to only segregation along grain boundaries of dendrites a-Al, or reveals the segregation of a different range. However, based on the above-mentioned SEM-EDS study (Fig. 3b) study, it can be assumed that the areas shown are rich in Cu and Ni, which may occur in the form of finely dispersed intermetallic phases. A Fig. 4 indicates a lower density. These areas can be identified as the matrix of the composite-primary Al-rich grains likely. The distribution of reinforcing particles (SiC) and eutectic Si is not visible on XMT images because of a similar density to the density of the matrix. This means that at this level of observation using XMT only areas with strong segregation of elements with higher atomic numbers are distinguishable. This feature of XMT images and the observation of the parent material have been discussed before (Fig. 4) , they can be used to assess changes in the microstructure as a result of the FSP.
As it can be observed, the area transformed by the FSW tool is unsymmetrical and consists of the advancing side, the retreating side and the weld nugget. In comparison with previous observations (Fig. 1) , the changes in microstructure caused by the process of FSP are more visible. The advancing side on microtomography images shows differentiation of appearance. A considerable fragmentation of microstructure may be noticed and usually a significant degree of homogenization may be observed which may suggest, however, some lack of homogeneity of the area, which is not visible in Fig. 1 .
To obtain more information about the distribution of individual elements and the influence of FSW tools on the microstructure, a segmentation of individual regions of the microstructure was performed.
The result of segmentation is shown in Fig. 5a -the area of the highest density, rich in Cu and Ni is shown in white, black and dark gray mark the phase particles containing SiC and hypo-eutectic Si, while the remaining area has been selected as a matrix composite-an area rich in Al. For a better understanding of the segmentation performed, Fig. 5b shows the original two-dimensional x-ray cross-sectional image. Figure 6 shows a three-dimensional cross-section model of the weld nugget formed after the reconstruction and segmentation of two-dimensional XMT images, located in the plane of projection in order to improve the location of the site in which it was made. The three-dimensional model significantly expands the scope of the analysis since it reveals changes in the microstructure on the linear motion of the FSW tool, without the need to conduct further destructive samples-cross sections.
The analysis of the microstructure depicted in this manner illustrates a non-uniformity of the area, both in the crosssectional plane, as well as XYZ perpendicular. In the threedimensional model, black area marks conglomerates of phase particles containing SiC and eutectic Si, and bright gray value refers to the composite matrix. In the applied scale and microtomograph parameters of analysis, it is not possible to identify each particle of reinforced phase. Their size within the area of the pin workplace is between about 1 lm (that is, the resolution limit of light microscopy) to 16 lm. Similar in size The system components of the microstructure (recognizable using x-ray) indicate that microstructural changes are cyclical due to the rotational movement of the FSW tool and simultaneous linear motion. This is shown in 3D reconstruction- Fig. 6 . Lighter bands have the shape of spherical layers. It proves that (as expected) the material, which is behind the pin, is moved downwards (movement forced due to the presence of the thread on the surface of the pin), and in the direction of linear movement of the tool. Simultaneously, the material flows around the tool, as a result of rotation movement of the tool. The advantage of microtomography analysis over conventional (metallurgical) examination of cross-sections of the welds, it can be concluded, that the heterogeneity of this area is essentially constituted by the layered structure, presumably resulting from the shape of the mandrel, i.e., the threaded pin. This observation indicates the lack of intense mixing of the material in this area. This in turn shows that the transport of the material (flow) is done by streams of material flowing. And also the material flow in the lower areas has another important feature-a high degree of plastic deformation. It causes that in aluminum alloys, the nugget area is dynamically recrystallized (Ref 30) , and an average grain size reaches a few to several microns. This area may have a layered structure (in crosssection), which in the subject literature was called ''onion rings'' (Ref 31) , which occur at a different layer arrangement (the layer presents in Fig. 4) . The microstructure depends on the parameters of the process (Ref 32, 33 ) and the tool used. It is also dependent on the type of alloy that is processed or sealed. Regardless of the process conditions, material flow in Fig. 5 (a) The result of segmentation of x-ray microstructure on the advancing side: white areas-Al-Fe-Mn-Si phase, black and dark gray areas-SiC and eutectic Si, another areas-matrix of composite rich in Al. (b) Two-dimensional x-ray cross-section of microstructure-retreating side Fig. 6 Three-dimensional model of the weld cross-section of the nugget, located in the plane of two-dimensional cross-section the area of the weld nugget (Fig. 5) causes a considerable fragmentation of the microstructure. The observations, however, a limited scope of mixing of the material in an area above of the weld nugget may confirmed, segregation persists although its shape has changed as a result of the material flow.
As it was shown, using XMT to study this type of aluminum alloy composite reinforced by SiC phase can be very useful. It facilitates a description of macro and microstructure of the tested object. Along with the methods permitting the identification of the chemical composition of SEM-EDS and SEM-WDS or the identification and determination of particle size distribution of SEM-EBSD, the microtomography enables to deliver a complex view of the object. The main advantage of XMT is 3D imaging since it is a non-destructive testing method of the internal structure of the object.
Conclusions
1. The XMT images allowed to identify areas of different material density as a result of segregation of chemical composition. This enabled to illustrate both the heterogeneity in the material which was not subjected to plastic deformation, as well as in the areas that were subjected to the FSP process. 2. The microstructure of the area subjected to the FSP process with the specific parameters used, (seen in the XMT images) shows a classic asymmetry and macroscopic inhomogeneity. On the strip on the advancing side, where the microstructure is altered by reinforcement, there is a local segregation at the interface between the material flow directions. 3. Three-dimensional reconstruction is able to show the layered structure of the area near the weld nugget. The structure stems from the way of material flow. The area of the weld nugget has a typically oriented microstructure similar to FSW welds. This area contains significantly fragmented microstructure. 4. On the accepted level of XMT analysis, it was unsuccessful to determine the particle size distribution of SiC, but these particles conglomerate to a limited extent can be recognized.
